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Cocaine‑induced loss of LTD 
and social impairments are 
restored by fatty acid amide 
hydrolase inhibition
Laia Alegre‑Zurano 1, Alba Caceres‑Rodriguez 3,4, Paula Berbegal‑Sáez 1, Olivier Lassalle 3,4, 
Olivier Manzoni 3,4,5 & Olga Valverde 1,2,5*

A single dose of cocaine abolishes endocannabinoid-mediated long-term depression (eCB-LTD) in 
the nucleus accumbens (NAc) within 24 h of administration. However, it is uncertain whether this 
altered neuroplasticity entails a behavioral deficit. As previously reported, after a single dose of 
cocaine (20 mg/kg), mice displayed impaired eCB-LTD in the NAc. Such cocaine-induced neuroplastic 
impairment was accompanied by an altered preference for saccharin and social interactions and a 
reduction in mRNA levels of the anandamide-catabolizing enzyme NAPE-PLD. The pharmacological 
increase of anandamide through the fatty acid amide hydrolase (FAAH) inhibitor URB597 (1 mg/kg) 
reversed the cocaine-induced loss of eCB-LTD in the NAc and restored normal social interaction in 
cocaine-exposed mice, but it did not affect saccharin preference. Overall, this research underlines 
the neuroplastic and behavioral alterations occurring after the initial use of cocaine and suggests a 
potential role for anandamide.

The initiation of drug addiction stems from the first exposure to a rewarding substance. As drug consumption 
becomes frequent, the initial voluntary and goal-directed use can evolve into habitual and compulsive patterns, 
ultimately resulting in addiction in vulnerable people1. Researchers have long studied the factors contributing 
to this transition1, but even a single drug encounter can induce enduring changes in the central nervous system, 
persisting after the drug is no longer present2,3.

The nucleus accumbens (NAc) plays a crucial role in drug-related and natural reward learning, with the 
endogenous cannabinoid (eCB) system (ECS) and synaptic plasticity in dopamine receptor 1 (D1)- and 2 
(D2)-expressing medium spiny neurons (SPNs) implicated in reward-seeking behavior4,5. The ECS comprises 
cannabinoid receptors 1 (CB1R) and 2 (CB2R), eCB ligands (anandamide, AEA, and 2-arachidonoylglycerol, 
2-AG), and enzymes for synthesis (N-acylphosphatidylethanolamine-specific phospholipase D, NAPE-PLD, 
and diacylglycerol lipase, DAGL) and degradation (fatty acid amide hydrolase, FAAH, and monoacylglycerol 
lipase, MAGL)6. In the NAc, the ECS modulates neuroplasticity in synapses through eCB-mediated long-term 
depression (eCB-LTD), a mechanism that downregulates excessive synaptic activity7. eCB-LTD governs the 
strength of synapses from distal glutamatergic projections (e.g., the medial prefrontal cortex and the amygdala) 
onto SPNs8. Activation of mGluR5 mediates eCB-LTD by triggering the synthesis of eCBs, which in turn induce 
LTD via two mechanisms: presynaptic inhibition of neurotransmitter release through CB1R activation7, and 
postsynaptic internalization of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) 
through transient receptor potential vanilloid 1 (TRPV1) activation8. While the specific eCB responsible for the 
cocaine-induced loss of plasticity is a subject of ongoing debate, AEA has emerged as a promising candidate 
because it activates CB1R6 and possesses ideal characteristics for facilitating TRPV1-mediated plasticity, includ-
ing its function as an intracellular messenger9 and its full agonist activity at TRPV1 channels10.

The molecular and physiological underpinnings of reward-seeking behavior remain incompletely understood. 
Pharmacological and genetic approaches have demonstrated that eCB-LTD in D1-expressing SPNs of the NAc is 
crucial for the expression of cocaine, natural reward (i.e., sucrose), and brain-stimulation-seeking behaviors11. 

OPEN

1Neurobiology of Behaviour Research Group (GReNeC‑NeuroBio), Department of Medicine and Life 
Sciences, Universitat Pompeu Fabra, C/ Dr Aiguader, 88, 08003  Barcelona, Spain. 2Neuroscience Research 
Program, IMIM-Hospital Del Mar Research Institute, Barcelona, Spain. 3INMED, INSERM U1249, Marseille, 
France. 4Aix-Marseille University, Marseille, France. 5These authors contributed equally: Olivier Manzoni and Olga 
Valverde. *email: olga.valverde@upf.edu

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-45476-7&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18229  | https://doi.org/10.1038/s41598-023-45476-7

www.nature.com/scientificreports/

Rodents display various behavioral changes following cocaine exposure. However, it is unclear whether a single 
cocaine administration can induce behavioral changes beyond its acute effects. For example, repeated pairings 
of saccharin with cocaine decrease saccharin consumption12,13. Similarly, both acute14–16 and chronic17 cocaine 
use in rodents reduces social interaction during drug use and even after one day of withdrawal from repeated 
exposure18. However, although a single cocaine administration abolishes eCB-LTD in mice3, it remains unclear 
how a single cocaine exposure affects NAc-related behaviors once the drug’s acute effects have subsided.

In this study, we report that a single dose of cocaine can alter behavior 24 h after exposure, with disrupted 
social interactions and diminished saccharin preference. Additionally, our data suggest that elevating AEA levels 
through the FAAH inhibitor URB597 elicits beneficial effects, rescuing physiological eCB-LTD and adapted 
behavior. Therefore, we propose that the FAAH inhibitor URB597 could have a potential therapeutic effect for 
addressing initial impairments caused by cocaine.

Results
A single cocaine exposure leads to loss of eCB‑LTD in the NAc core
As expected, a single cocaine (20 mg/kg i.p.) administration abolished plasticity in the NAc 24 h after its 
administration3 (Fig. 1B–C; repeated measures (RM) two-way ANOVA, time F(49, 980) = 51.25, p < 0.001, cocaine 
F(1, 20) = 2.174, p = 0.155, time x cocaine F(49, 980) = 1.491, p = 0.017), and eCB-LTD was present in the saline group 
(Fig. 1D; Student’s t test, t(11) = 3.426, p = 0.005), but not in the cocaine group (Fig. 1E; Student’s t test, t(9) = 0.947, 
p = 0.369).

A single cocaine exposure perturbates social behavior the day after use
Previous research has suggested that cocaine use alters social interaction and reward processing, but it is uncer-
tain whether initiating cocaine use affects such behaviors in rodents beyond its acute effects. To investigate this, 
mice were compared in terms of their preference for consuming saccharin, a potent natural reward. Throughout 
the habituation phase, mice exhibited a notable inclination towards saccharin, and their preference for sac-
charin increased along the time as shown in Fig. 1F. Following administration of cocaine/saline, mice treated 
with cocaine displayed a reduction in saccharin preference (Fig. 1G; RM Two-way ANOVA, time F(3, 132) = 92.19, 
p < 0.001, cocaine F(1, 44) = 5.224, p = 0.027, cocaine x time F(3, 132) = 2.687, p = 0.049, Sidak 1 h p = 0.014), which was 
particularly noticeable at 1 h (Fig. 1H; Student’s t test, t(44) = 2.849, p = 0.006), but also evident after 24 h (Fig. 1I; 
Student’s t test, t(44) = 2.301, p = 0.026). Such effects of cocaine were specific to saccharin consumption, as water 
consumption was not altered (Supplementary Fig. 1).

Next, mice were given either cocaine or saline 24 h before being tested for social interaction. During the 
habituation phase, there were no group differences in preference for either compartment or locomotor activity 
(Fig. 1J–K). In the sociability phase, mice spent more time interacting with the novel mouse than with the empty 
holder (Fig. 1L; Two-way ANOVA, compartment F(1, 22) = 113.6, p < 0.001). In particular, cocaine pre-treatment 
seems to alter mice behavior (Two-way ANOVA, cocaine F(1, 22) = 4.421, p = 0.047) mainly due to an increase in 
the time spent interacting with the novel mouse.

A single cocaine exposure decreases the NAPE‑PLD gene expression levels 24  h within 
administration
We investigated possible changes in the gene expression of key components of the ECS that contribute to the eCB-
mediated plasticity in the NAc (Fig. 1M–P). qPCR analyses performed on the vSTR 24 h following cocaine/saline 
administration revealed a reduction of NAPE-PLD gene expression in cocaine-treated mice (Fig. 1P; Student’s 
t test, t(16) = 2.757, p = 0.013), but no significant effect on CB1R (Fig. 1M; Student’s t test, t(19) = 0.255, p = 0.801), 
FAAH (Fig. 1N; Student’s t test, t(16) = 0.870, p = 0.397) and GluR5 (Fig. 1P; Student’s t test, t(16) = 1.819, p = 0.088).

URB597 prevents the cocaine‑induced loss of eCB‑LTD in the NAc core
The observed decline in NAPE-PLD gene expression after the onset of cocaine use suggests a reduced AEA 
synthesis. Based on these findings, we hypothesized that the correction of AEA levels could reverse the synaptic 
and behavioral impairments caused by cocaine.

Therefore, the day after administering either cocaine or saline, we euthanized the mice and assessed the 
expression of eCB-LTD in the NAc in the presence of URB597 (2 µM). In the group that received saline, eCB-LTD 
was induced both in the presence or absence of URB597, although URB597 enhanced it (Fig. 2B–C; RM Two-
way ANOVA, time F(49, 1078) = 66.24, p < 0.001; URB597 F(1, 22) = 1.992, p = 0.172; time x URB597 F(49, 1078) = 1.565, 
p = 0.008). On the other hand, in cocaine-treated mice the expression of eCB-LTD was absent, and the appli-
cation of URB597 rescued it (Fig. 2B and D; RM Two-way ANOVA, time F(49, 931) = 53.33, p < 0.001; URB597 
F(1, 19) = 7.630, p = 0.012, URB597 x time F(49, 931) = 3.662, p < 0.001). The comparison of the fEPSC recorded dur-
ing the LTD-expression period (30–40 min) indicates a global effect of URB597 in enhancing LTD expression 
(Fig. 2E; Two-way ANOVA, cocaine F(1, 40) = 1.149, p = 0.290; URB597 F(1, 40) = 9.759, p = 0.003; cocaine x URB597 
F(1, 40) = 1.945, p = 0.171).

URB597 treatment normalizes social interaction in cocaine‑exposed mice
Regarding the saccharin test, the measurements took place 24 h following cocaine (20 mg/kg i.p.)/saline admin-
istration and 30 min after URB597 (1 mg/kg i.p.)/vehicle treatment and occurred at 1, 2, 6, and 24 h. After 
receiving cocaine/saline, mice treated with cocaine displayed a decrease in saccharin preference, persisting 
even after 48 h (Fig. 2F–H). However, URB597 did not have any effect on saccharin preference, despite the clear 
effect of cocaine (Fig. 2F; RM Three-way ANOVA, time F(3. 126)= 58.71, p < 0.001, cocaine F(1. 42)= 1.877, p < 0.178; 
URB597 F(1. 42)= 0.527, p < 0.472; time x cocaine F(3, 126) = 3.288, p = 0.023, Sidak 24 h p = 0.012; time x URB597 
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Figure 1.   Single cocaine (20 mg/kg) exposure perturbates NAc core plasticity, related behaviors and NAPE-PDL gene expression. (A) 
Mice were treated with cocaine/saline and 24 h later were tested for eCB-LTD in the NAc, saccharin preference, and social behavior 
and gene expression levels. (B) Representative traces during baselyne (− 10–0 min) and LTD expression period (30–40 min). Scale: 
0.1 mV, 5 ms. (C) Average time courses of eCB-LTD 24 h after receiving either saline (n = 12) or cocaine (n = 10). (D) fECSP during 
baseline and LTD expression period in saline and (E) cocaine groups. (F) Preference for saccharin measured for 24 h following 
cocaine/saline administration. During the habituation day and the test day, the measurements were performed at 1, 2, 6 and 24 h. 
(G) Cocaine administration decreased preference for saccharin during the following day, especially after (H) 1 and (I) 24 h (SAL 
n = 24, COC n = 22). (J) Time spent in each compartment during the habituation phase in the three-chamber social interaction test. 
Mice did show preference for the left/right compartment (SAL n = 13, COC n = 12). (K) Cocaine-treated mice did not differ in their 
locomotor activity during the habituation phase. (L) Time spent in the interactive zones surrounding the novel mouse or the empty 
holder during the sociability phase. Cocaine-treated mice showed an increase in social interaction. (M) Gene expression levels of 
CB1R, (N) FAAH, (O) mGluR5 and (P) NAPE-PLD in the vSTR of saline- (n = 9–11) and cocaine-treated (n = 8–10) after the social 
interaction test. SAL: saline, COC: cocaine, SI: social interaction, LTD: long term depression, fEPSP: field postsynaptic excitatory 
potential, CB1R: cannabinoid receptor 1, FAAH: fatty acid amide hydrolase, mGluR5: metabotropic glutamate receptor 5, NAPE:PLD: 
N-acylphosphatidylethanolamine-specific phospholipase D.
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F(3, 126) = 0.334, p = 0.801; cocaine x URB597 F(1, 42) = 0.001, p = 0.981; time x cocaine x URB597 F(3, 126) = 1.069, 
p = 0.365; Fig. 2H; Two-way ANOVA, cocaine F(1 42) = 6.821, p = 0.012; URB597 F(1 42) = 0.001, p = 0.971; cocaine 
x URB597 F(1 42) = 0.354, p = 0.555). Similarly, URB597 did not alter the total saccharin or water consumption 
(Supplementary Fig. 2).

Besides, we tested the effects of URB597 on the cocaine-induced increase in social interaction. During the 
habituation phase, none of the groups exhibited a preference for either the left or right compartment (Fig. 2I) 
or an alteration in locomotor activity (Fig. 2J). During the sociability phase, we observed that mice spent more 
time interacting with the novel mouse than with the empty holder (Fig. 2K; Three-way ANOVA, compartment 
F(1, 42) = 250.6, p < 0.001; cocaine F(1, 42) = 0.529, p = 0.471; URB597 F(1, 42) = 0.763, p = 0.387) and, in particular, 
cocaine pre-treatment increased social interaction while URB597 treatment prevented such increase in the 
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cocaine-treated mice (Three-way ANOVA, cocaine x URB597 F(2, 84) = 312.8, p < 0.001; Sidak, SAL-VEH vs COC-
VEH p = 0.018, COC-VEH vs COC-URB p = 0.016).

URB597 treatment does not modify NAPE‑PLD gene expression
qPCR analyses conducted on the vSTR (Fig. 2L–O) showed that cocaine administration resulted in a decrease 
in the gene expression of NAPE-PLD, regardless of URB597 treatment (Fig. 2O; Two-way ANOVA, cocaine 
F(1, 33) = 7.127, p = 0.011, URB597 F(1, 33) = 2.045, p = 0.162; cocaine x URB597 F(1, 33) = 21.587, p = 0.217), indicating 
that the URB597-induced increase in AEA is likely due to reduced degradation rather than increased synthesis. 
No differences due to cocaine or URB597 treatment were found in CB1R (Fig. 2L; Two-way ANOVA, cocaine 
F(1, 35) = 0.224, p = 0.637, URB597 F(1, 35) = 0.101, p = 0.752; cocaine x URB597 F(1, 35) = 0.003, p = 0.955), FAAH 
(Fig. 2M; Two-way ANOVA, cocaine F(1, 34) = 0.162, p = 0.690, URB597 F(1, 34) = 0.654, p = 0.424; cocaine x URB597 
F(1, 34) = 1.949, p = 0.172) and mGluR5 (Fig. 2N; Two-way ANOVA, cocaine F(1, 35) = 1.012, p = 0.321, URB597 
F(1, 35) = 1.162, p = 0.288; cocaine x URB597 F(1, 35) = 0.666, p = 0.420).

Discussion
The current findings reveal that a single exposure to cocaine can alter saccharin preference and social behavior, as 
well as disrupt the neuroplastic mechanisms regulating synaptic strength in the NAc, even after the drug has been 
eliminated from the system. These outcomes are accompanied by a decrease in the AEA-catabolizing enzyme 
NAPE-PLD, suggesting a deficit in AEA signaling that could account for the suppression of plasticity induced 
by cocaine. Enhancing AEA levels pharmacologically through FAAH inhibition restores the cocaine-induced 
loss of eCB-LTD in the NAc and normalizes social behavior in cocaine-exposed mice but has no effect on the 
cocaine-induced decrease in saccharin preference.

Consistent with our results, cocaine-induced loss of plasticity in the NAc has been largely documented for 
the last 20 years, occurring after single cocaine exposure2,3, repeated non-contingent cocaine administration19 
and cocaine self-administration20. However, how this loss of plasticity is related behavioral alteration after the 
first cocaine exposure remains unclear.

We found that a single dose of cocaine leads to a reduction in saccharin preference for the subsequent 48 h. 
The decrease in saccharin preference observed during the first hour after cocaine administration could be attrib-
uted to the stimulant’s effects on locomotor activity, which may interfere with consumption behavior. However, 
the fact that cocaine administration did not interfere with water consumption suggests a different explanation. 
Furthermore, the prolonged suppressive effects beyond this period cannot be explained by an acute effect of the 
drug. Instead, we hypothesize that cocaine exposure induces long-lasting neuroplastic adaptations in the meso-
corticolimbic system, responsible for natural reward processing, leading to the observed changes in saccharin 
preference. In line with this, previous studies have extensively documented that pairing cocaine with saccharin 
dramatically decreases saccharin intake12,13,21–23. This effect appears to be due to a decrease in the perceived value 
of saccharin as a reward, rather than an impairment in sweet taste sensitivity13. The ability of cocaine to decrease 
natural reward is supported by studies using intracranial self-stimulation. While cocaine appears to facilitate 
brain reward function when present in the organism24,25, the opposite effect is observed during withdrawal25,26. 
Interestingly, pharmacological27 or genetic deletion of mGluR5 in D1-expressing SPNs11 also increases intrac-
ranial self-stimulation thresholds, suggesting impaired reward function. This evidence supports the idea that 
cocaine decreases saccharin preference by disrupting natural reward function, likely due in part to an impairment 
in mGluR5 signaling. Alternatively, cocaine has been observed to have a negative impact on appetite28,29, often 
resulting in significant weight loss among cocaine users30. This could potentially contribute to the decrease in 

Figure 2.   URB597 (1 mg/kg) prevents the cocaine (20 mg/kg)-induced impairment in eCB-LTD and 
sociability. (A) Mice were treated with cocaine/saline and 24 h later eCB-LTD was measured with the presence 
of absence of URB597. Other cohorts of mice were treated with cocaine/saline and URB597/vehicle 24 h and 
30 min, respectively, prior to being tested saccharin preference, social behavior, and gene expression levels. (B) 
Representative trace during baseline (− 10–0 min) and LTD expression period (30–40 min) of a SAL-treated 
mouse. Scale: 0.1 mV, 5 ms. (C) Average time courses of eCB-LTD for SAL-ACSF (n = 13) and SAL-URB 
(n = 10) groups. (C) Representative trace during baseline and LTD expression period of a COC-treated mouse. 
Scale: 0.1 mV, 5 ms. (D) Average time courses of eCB-LTD for COC-ACSF (n = 12) and COC-URB (n = 11) 
groups. (E) fECSPs during the LTD expression period showing that URB597 rescues the cocaine-induced loss 
of eCB-LTD. (F) Gene expression levels of CB1R, (G) FAAH, (H) mGluR5 and (I) NAPE-PLD 24 h and 30 min 
following cocaine/saline and URB597/vehicle administration, respectively (SAL-VEH, n = 10–11; SAL-URB, 
n = 8–9; COC-VEH, n = 8–10; COC-URB, n = 10–12). (F) Cocaine-induced decrease in saccharin preference is 
not affected by URB597 at (G) 1 or (H) 24 h post URB597 administration (SAL-VEH n = 13, SAL-URB n = 11, 
COC-VEH n = 12 and COC-URB n = 10). (I) The time spent in each compartment during the habituation phase 
showed that mice did not show initial preference for neither the left nor the right compartment (SAL-VEH, 
n = 13; SAL-URB, n = 10; COC-VEH, n = 11; COC-URB, n = 12). (J) Locomotor activity during the habituation 
session was not affected by either treatment. (K) Time spent in the interactive zones for each group. URB597 
prevented the cocaine-induced increase in the time spent interacting with the novel mouse. (L) Gene expression 
levels of CB1R, (M) FAAH, (N) mGluR5 and (O) NAPE-PLD after the social interaction test (SAL-VEH, 
n = 10–11; SAL-URB, n = 8–9; COC-VEH, n = 8–10; COC-URB, n = 10–12). SAL: saline, COC: cocaine, VEH: 
vehicle, URB: URB597, SI: social interaction, LTD: long term depression, fEPSP: field postsynaptic excitatory 
potential, CB1R: cannabinoid receptor 1, FAAH: fatty acid amide hydrolase, mGluR5: metabotropic glutamate 
receptor 5, NAPE:PLD: N-acylphosphatidylethanolamine-specific phospholipase D.
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saccharine preference caused by cocaine. However, it is still uncertain whether this effect could account for the 
continued decrease in saccharine preference observed up to 48 h after cocaine administration.

Furthermore, a single dose of cocaine led to increased social interaction 24 h after administration. Given 
that the half-life of cocaine in the mouse brain is 16 min31, this behavioral finding cannot be attributed to the 
drug’s acute effects. Instead, it implies that the central nervous system undergoes neuroplastic adaptations due 
to cocaine administration, leading to behavioral changes even when the drug is no longer present. In contrast, 
previous studies have indicated that social interaction is reduced during acute14–16 or repeated non-contingent 
cocaine administration17. These discrepancies suggest that the immediate behavioral effects of the drug are 
distinct from those produced by cocaine-induced neuroplastic changes. Wang et al. (2014) reported decreased 
social interaction after a 4-day cocaine treatment (20 mg/kg) when measured 24 h after the last administration18, 
contrasting with our findings. Possible explanations for these disparities include the use of different measure-
ment models for social behaviors (three-chamber test versus open arena) or varying effects of cocaine on social 
behavior depending on whether it is administered acutely or repeatedly.

Cocaine-treated mice showed a decrease in NAPE-PDL gene expression levels after undergoing the social 
interaction test. Similarly, acute cocaine administration was associated with a decrease in gene and protein expres-
sion of NAPE-PDL and DAGLα in the hippocampus, resulting in an overall reduction in eCB synthesis32. Based 
on these findings, we hypothesize that a single exposure to cocaine may result in a reduction in the production 
of AEA, thus playing a role in the impairment of eCB-LTD in the NAc. Therefore, we pharmacologically inhib-
ited FAAH activity with URB597 to test whether an increase in AEA levels could restore the cocaine-induced 
plasticity impairments as well as behavioral alterations.

We found that the enhancement of AEA caused by FAAH inhibition is sufficient to restore the loss of eCB-
LTD after a single cocaine exposure, indicating a prominent role of AEA in mediating this kind of plasticity. 
Congruently, Grueter et al. (2010) found an enhancement of both TRPV1- and CB1R-mediated LTD in the NAc 
following URB597 administration. Considering that the function of TRPV1 and CB1R appears unaffected fol-
lowing cocaine exposure2,33 and that mGluR5 signaling is hindered due to receptor internalization by the homer 
scaffolding proteins3,34, it is proposed that the decline in eCB-LTD observed after cocaine use is primarily due to 
a reduction in mGluR5’s capability to convert anterograde glutamate transmission into eCB production, includ-
ing AEA. However, a complementary role of 2-AG in mediating this type of plasticity and the cocaine-induced 
alterations cannot be ruled out. Based on these observations, we propose that a single cocaine exposure disrupts 
eCB-LTD by impairing mGluR5 signaling and decreasing AEA synthesis. Reduced AEA levels lead to decreased 
activation of both presynaptic CB1R, resulting in a blunted inhibition of glutamate release, and postsynaptic 
TRPV1, causing an impaired AMPAR internalization (Fig. 3). It is yet to be determined whether the effects of 
AEA are primarily targeted towards CB1R or TRPV1, or whether other NAEs also play a role in this process.

However, URB597 treatment did not affect cocaine-induced suppression of saccharin intake. A previous study 
reported that URB597 (0.5 mg/kg) reduced saccharin preference in mice35, which is consistent with the finding 
that URB597 raises intracranial self-stimulation thresholds36. Such effect was not observed here as URB597 did 
not affect saccharin preference in either cocaine- or saline-treated mice. The reasons why an increase in AEA 
appears to prevent cocaine-induced changes in social interaction but not saccharin preference remain unclear. 
One possible hypothesis is that the brain processes these two types of natural rewards differently, and therefore, 
they rely on distinct neural circuits that may involve varying levels of AEA in the synapses. Thus, AEA may play 
a different role in the neural pathways involved in processing social rewards versus those involved in processing 
sweet rewards.

In the case of social behavior, we found that URB597 treatment 30 min before the test prevented the cocaine-
induced increase in sociability. To our knowledge, this is the first evidence of the impact of FAAH inhibition on 
social interaction after cocaine administration. Prior examinations of the role of URB597 on sociability have 
yielded inconclusive results. While some studies reported a URB597-induced decline in social behaviour37–39, 
others found the opposite outcome40,41. In line with the present results, two independent studies reported a 
reduction in social interaction following systemic administration of URB597 that is mediated through TRPV1 
rather than CB1R38,39. Moreover, an effective reduction in operant responding for social play was observed 
with a dosage of 0.2 mg/kg of URB59742. Further research is required to elucidate the involvement of AEA in 
cocaine-induced alterations in social behavior, as well as the precise mechanisms underlying such modulation.

The present study has two main limitations. Firstly, while the impairments induced by cocaine in both 
accumbal plasticity and related behaviors follow the same administration regimen, the current experimental 
design does not allow us to determine a causal relationship between these outcomes. Therefore, it is crucial to 
experimentally manipulate the expression of eCB-LTD11 after cocaine exposure in order to uncover whether the 
observed behavioral alterations are dependent on this plasticity. Secondly, conducting a broader pharmacological 
examination by using antagonists targeting different NAEs receptors, such as CB1R or TRPV1, would provide 
valuable information regarding the mechanism through which URB597 restores eCB-LTD.

In conclusion, the results of the present study indicate that acute cocaine administration enhances social 
behavior and reduces saccharin preference after the drug has left the system. Parallelly, a single dose of cocaine 
disrupts the neuroplastic mechanisms that control synaptic strength in the NAc and decreases the gene expres-
sion of the AEA-catabolizing enzyme NAPE-PLD. We evidenced that the cocaine-induced loss of eCB-LTD is 
mediated by AEA, as FAAH inhibition is sufficient to restore the impairment caused by cocaine. Furthermore, 
FAAH inhibition normalizes the cocaine-induced alterations in social behavior. Future investigations should 
establish whether the effects of cocaine and URB597 on eCB-LTD and social behavior are causally connected. 
Overall, this study demonstrates that a single exposure to cocaine can induce neuroplastic changes that result 
in behavioral alterations even in the absence of the drug and highlights the involvement of the ECS, especially 
AEA, in the early impairments induced by cocaine.
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Materials and methods
Animals
Behavior and biochemistry: Male C57BL/6J mice (postnatal day, PD, 56) were purchased from Janvier (Barcelona, 
Spain) and maintained in the animal facility (UBIOMEX, PRBB) in a 12 h light–dark cycle. Mice were housed at 
a stable temperature (22 °C ± 2) and humidity (55% ± 10%), with food and water ad libitum. They were allowed 
to acclimatize to the new environmental conditions for at least five days prior to experimentation. Animal care 
and experimental protocols were approved by the Barcelona Biomedical Research Park – Universitat Pompeu 
Fabra Ethical Committee for Animal Research (CEEA-PRBB-UPF).

Electrophysiology: Male C57Bl/6J mice (PD60) were purchased from Janvier (Le Genest-Saint-Isle, France) 
and maintained in the animal facility in a 12 h light–dark cycle. Mice were housed at stable temperature 
(20 ± 1 °C) and humidity (60%), with food and water ad libitum. They were allowed to acclimatize to the new 
environmental conditions for at least one week prior to experimentation. All experiments were performed 
on male C57BL/6J mice between PD70 and PD110. The French Ethical committee authorized this project 
(APAFIS#3279-2015121715284829 v5).

In all the studies, animals were treated in compliance with the European Communities Council Directive 
(86/609/EEC) and the ARRIVE guidelines for the care and use of laboratory animals.

Materials
Cocaine HCl (20 mg/kg i.p.; Cocaine was kindly provided by the National Institute on Drug Abuse, Bethesda, 
MD; USA or purchased from Alcaliber S.A., Madrid, Spain) was dissolved in 0.9% NaCl. The FAAH inhibitor 
URB597 (1 mg/kg i.p. or 2 µM) was purchased in Merck Life Science (Madrid, Spain) or Tocris Bioscience 
(Illkirch, France) and was dissolved in a vehicle solution composed by ethanol, cremophor E.L. (Sigma-Aldrich) 
and 0.9% NaCl (1:1:18).

Experimental design
We used three different cohorts of mice (Fig. 1A and 2A). One cohort was used for the measurement of eCB-LTD. 
Mice were injected with saline or cocaine (20 mg/kg) 24 h before being euthanized and extracellular recordings 
of the NAc core were measured with the presence or absence of URB597. A second cohort of mice was used to 
test the effects of cocaine and URB597 on saccharin preference. After the habituation phase, mice were injected 

Figure 3.   URB597 actions in the NAc synapses. (A) In naïve mice, eCB-LTD exerts negative control 
over glutamatergic synapses in the NAc through mGluR5 signaling. When glutamate binds to mGluR5, 
it triggers the production of AEA, which in turn suppresses glutamate release through CB1R binding and 
causes AMPAR internalization through TRPV1 signaling. (B) One day following cocaine exposure, mGluR5 
internalization impairs the downstream pathway and suppresses AEA release, resulting in a loss inhibitory 
control over SPNs activation. (C) The inhibition of AEA degradation by URB597 rescues the AEA-dependent 
activation of CB1R and TRPV1R and restores eCB-LTD in the NAc. eCB-LTD: endocannabinoid-mediated 
long term depression, CB1R: cannabinoid receptor 1, NMDAR: N-methyl-D-aspartate receptor, AMPAR: 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, TRPV1: transient receptor potential 
vanilloid 1, mGluR5: metabotropic glutamate receptor 5, FAAH: fatty acid amide hydrolase, NAPE:PLD: 
N-acylphosphatidylethanolamine-specific phospholipase D, AEA: anandamide. Created with biorender.com.
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with either cocaine or saline, and 24 h later with URB597 or vehicle. A third cohort of mice was used to test the 
effects of cocaine and URB597 on social behavior in the three-chamber social interaction test and to assess the 
mRNA levels of different components that participate in the eCB-LTD. Mice were pre-treated with cocaine or 
saline 24 h before the test, and with URB597 or vehicle 30 min before the test. Immediately after the test, mice 
were euthanized by cervical dislocation, the brain were quicky removed, and the ventral striatum (vSTR) was 
dissected for qPCR analysis.

Slice preparation and electrophysiology
Adult male mice were deeply anesthetized with isoflurane 4% and sacrificed by decapitation as described7,43–45. 
The brain was sliced (300 μm) on the coronal plane with a vibratome (Integraslice, Campden Instruments) in a 
sucrose-based solution at 4 °C (in mm as follows: 87 NaCl, 75 sucrose, 25 glucose, 2.5 KCl, 4 MgCl2, 0.5 CaCl2, 
23 NaHCO3 and 1.25 NaH2PO4). Immediately after cutting, slices containing the NAc were stored for 1 h at 32 °C 
in a low calcium ACSF that contained (in mM) as follows: 130 NaCl, 11 glucose, 2.5 KCl, 2.4 MgCl2, 1.2 CaCl2, 
23 NaHCO3, 1.2 NaH2PO4, and were equilibrated with 95% O2/5% CO2 and then at room temperature until 
the time of recording. Interleaved slices were incubated in a ACSF alone or ACSF containing 2 µM URB597 for 
30 min prior to and during the recording.

Field potential recordings were made in coronal slices containing the NAc core as previously described7,43. 
Recordings were made in the medial ventral accumbens core close to the anterior commissure7,43.For record-
ing, slices were placed in the recording chamber and superfused (1.5–2 ml/min) with ACSF (same as low Ca2+ 
ACSF with the following exception: 2.4 mM CaCl2 and 1.2 mM MgCl2). All experiments were done at 25 °C. 
Picrotoxin (100 µM) was added to the superfusion medium to block gamma-aminobutyric acid type A (GABA-
A) receptors. All drugs were added at the final concentration to the superfusion medium. For field excitatory 
postsynaptic potential (fEPSP), the recording pipette was filled with ACSF, and afferents were stimulated with 
a glass electrode filled with ACSF and placed ~ 200 µm in the dorsal-medial direction of the recording pipette. 
The stimulus intensity was adjusted around 60% of maximal intensity after performing an input–output curve 
(baseline fEPSP amplitudes ranged between 0.15 mV and 0.4 mV). Stimulation frequency was set at 0.1 Hz. 
Recordings were performed with an Axopatch-200B amplifier (Axon Instrument, Molecular Device, Sunnyvale, 
USA). Data were lowpass filtered at 2 kHz, digitized (10 kHz, DigiData 1440A, Axon Instrument, Molecular 
Device, Sunnyvale, USA), collected using Clampex 10.2 and analyzed using Clampfit 10.2 (Axon Instrument, 
Molecular Device, Sunnyvale, USA). Both fEPSPs’ area and amplitude were analyzed.

Saccharin preference test
The test was adapted from previous studies46 with minor modifications. Mice were individually housed and 
exposed to two bottles: one containing a 0.2% saccharin solution (Sigma-Aldrich, Madrid, Spain) and the other 
containing tap water. No previous food or water deprivation was applied before or during the test. During day 1 
and 2, mice were habituated to the experimental conditions (the presence of two bottles and the saccharin taste). 
During the experiment, mice were injected with either cocaine or saline on day 3, and with URB597 or vehicle 
on day 4. Afterwards, they were placed back in their home cage. Throughout the 4-day experiment, the two bot-
tles containing either water or saccharin solution were continuously available for the mice, except for a 30 min 
period following the URB597/vehicle injection, which allowed time for URB597 to increase AEA levels47. The 
consumption of water and saccharin solution was measured by weighting the bottles at 1, 2, 6 and 24 h on days 
2, 3 and 4. A control cage without animals was placed to control the amount of liquid spontaneously lost from 
the bottles. Saccharin preference was calculated according to the following ratio: saccharin intake(g)/[saccharin 
intake (g) + water intake (g)] × 100.

Three‑chamber social interaction test
The test was adapted from previous studies48,49. Briefly, it consisted of two 10 min phases: habituation and 
sociability. The box consisted of a rectangle divided into three connected chambers. The right and left chambers 
had a holder located in one of the corners. For habituation, mice were introduced to the central chamber and 
were free to move around the box. For sociability phase, a novel mouse was trapped inside one of the holders, 
and the experimental mouse was reintroduced into the central chamber and allowed to freely explore the box. 
The novel mice were male, juvenile (5-week-old), C57BL/6 mice. Time spent in each compartment and in the 
interactive zones (around the holders) was recorded using the SMART software (Panlab s.l.u., Barcelona, Spain) 
for subsequent analysis.

qPCR
Total RNA extraction from NAc samples was conducted using the trizol method as previously described48,50. 
We evaluated the expression of CB1R, FAAH, mGluR5, NAPE-PLD and GAPDH as a housekeeping gene. RT-
PCR was performed by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) 
using random primers and following standardized protocols. As per the qPCR, 20 ng of sample were loaded in 
addition to the following reagents: LightCycler SBYR green 480 Master Mix (Roche LifeScience, Product No. 
04707516001) and the specific primers for the target genes (Integrated DNA Technologies, Inc.) (Table 1). The 
qPCR was performed in QuantStudio 12K Flex (Thermofisher).

Statistical analysis
Sample size was determined based on previous data and using the G*Power Software51, assuming an α of 0.05, 
a power of0.8 and a moderate size effect. Data are presented as mean ± SEM. We used GraphPad Prism 9.5.0 
and IBM SPSS Statistics 29.0 software for statistical analysis and graphing. For analysis involving two or three 
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factors, we used two- or three-way analysis of variance (ANOVA), respectively. When an experimental condi-
tion followed a within-subject design, RM ANOVA was used. Mauchly’s test was used to assess the sphericity 
of the RM ANOVA data and the Geisser-Greenhouse correction was applied whenever appropriate. The fac-
tors considered were cocaine treatment (cocaine/saline), URB597 treatment (URB597/vehicle), time (minutes 
or hours), LTD (baseline/LTD) and compartment (left/center/right, novel/center/empty, or novel/empty). The 
statistical threshold for significance was set at p < 0.05. Kolmogorov’s test and Levene’s test were used to assess 
normality of the data and homogeneity of the variances, respectively. When F achieved significance and there 
was no significant variance in homogeneity, a Sidak’s post hoc test was run. We analyzed the results of single 
factor experiments with two levels using paired or unpaired two-tailed Student’s t test.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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